Abstract The multifunctional pattern recognition scavenger receptors, SR-A and CD36, are predominantly expressed by lamina propria macrophages and considered important in innate immunity. We examined the role of these receptors in the pathophysiology of inflammatory bowel disease. Colitis was induced in wild type (WT), SR-A -/-, CD36 -/-, and SR-A/CD36 double deficient mice by administering DSS. DSS-induced moderately severe colitis in WT mice was manifested by weight loss, reduced hematocrit, and pathology. SR-A/CD36 double deficient mice developed significantly more severe colitis as indicated by anemia (P \ 0.01), decreased colonic length due to inflammation (P \ 0.01), and lesions when compared with WT and single deficient animals. Serum amyloid A was significantly more elevated in SR-A/CD36
Introduction
Animal models of inflammatory bowel disease (IBD) play a major role in elucidating the pathophysiology of the human disease and are valuable in testing potential therapeutic targets. Transgenic technology and gene targeting have significantly increased the variety of available models to provide insight into the possible role of the defined genes in the pathogenesis of IBD.
IBD is associated with an increased number of macrophages (MA) in colonic mucosa. Scavenger receptors, expressed primarily on the MA surface (e.g., SR-A, CD36, TLR), form the first line of body defense and play a pivotal role in innate immunity [1] . The scavenger receptors known as ''pattern recognition receptors'' identify the conserved structure of the pathogen ligand and mediate the binding and uptake of antigens including microorganisms [2] .
Scavenger receptor A (SR-A) was originally identified by its ability to uptake and bind to modified low-density lipoprotein (LDL). Studies revealed that certain molecules such as lipopolysaccharide (LPS) of gram-negative bacteria and lipoteichoic acid (LTA) of Gram-positive bacteria, compete for binding to these receptors [3] . The expression of SR-A on MA is influenced by different cytokines. For instance, TNFa and IFN-c mainly inhibit SR-A activity by transcriptional and posttranscriptional regulation [4, 5] . On the other hand, MA colony stimulating factor (M-CSF) and granulocyte MA colony stimulating factor (GM-CSF) upregulate the expression of murine SR-A [6] [7] [8] . In contrast, PPAR-c agonists inhibit expression of SR-A and regulate MA activation [9] .
A prominent member of the class B scavenger receptors, CD36, is similarly involved with innate immunity [10] . CD36 is an 88 kDa cell surface glycoprotein expressed on a variety of cell types including MA, adipocytes, and endothelial cells. CD36 is pivotal in antigen presentation, clearance of apoptotic cells, and lipid transportation [11] [12] [13] [14] [15] . These two major scavenger receptors (SR-A and CD36) are involved in macrophage foam cell formation and development of atherosclerosis. Currently, the role of these receptors in the pathophysiology of IBD is not defined. The objective of this investigation was to evaluate the role of these receptors in the development of colitis in the DSS-induced murine model. Animals were divided into eight per group. Colitis was induced in mice by the addition of 3% dextran sodium sulfate (DSS, mol wt, 50,000) into drinking water for 8 days. Mice were euthanized at day 8, and blood was collected by cardiac puncture. Spleens were removed and weight and length were measured. Colons were removed, washed with sterile phosphate-buffered saline (PBS pH 7.2), and the length and weight were measured as a parameter to evaluate the colonic inflammatory response. The experiment was independently repeated twice.
Methods

Animals
Colonic Cytokine Secretion
Proximal and distal sections (*1 cm) of cleansed colons were excised, opened longitudinally, and attached to pieces of sterile silicon paper, with the mucosa exposed. Sections were washed twice with culture media RPMI (GIBCO BRL, Grand Island, NY) supplemented with 5% (v/v) endotoxin-free fetal calf serum, 2 mmol/l glutamine, and 1 9 10 5 U/ml of penicillin/streptomycin. Samples of similar weight were then plated into 0.5 ml supplemented media in a 24-well cell culture plate. The cultures were incubated for 24 h at 37°C in an atmosphere with 10% CO 2 and 95% relative humidity. Each culture supernatant was collected separately and stored at -70°C.
Histology
The colonic tissues were cleaned with PBS and cut in half longitudinally. One portion of each colon was Swiss rolled and fixed in 10% formalin for histological examination. The remainder was snap-frozen in liquid nitrogen and stored at -80°C. The formalin fixed sections were processed for histology slides, and stained with hematoxylin and eosin (H & E). Each slide was provided with an encrypted label, and evaluated by light microscopy by two of the investigators (Oz and de Villiers). The severity of colitis was assessed with a validated histological semiquantitative grading score as described previously [16] . The scores were based on histological features with a numeric value (0-4) assigned according to the % of tissue that corresponded to either of following criteria:
Grade 0: No detectable lesions, no inflammatory cells, normal mucosal appearance. Grade 1: Focal inflammatory infiltrate in the mucosa, crypt epithelium involved less than 25% of the total colon. Grade 2: Mild multi-focal inflammation with moderate expansion of the mucosa; crypt epithelium involved more than 26% of the colon.
Grade 3: Moderate multi-focal inflammation with moderate expansion of the mucosa, crypt epithelium disruption involved more than 50% of the colon. Grade 4: Severe diffuse inflammation with crypt epithelium disruption and ulceration involved more than 75% of the colon.
Immunohistochemistry Assay
To detect CD68 expression in the colonic tissue, 5 lm in diameter paraffin-embedded sections were sequentially deparaffinized with hexane. The slides were rehydrated in alcohol baths, washed in PBS, microwaved in high pH antigen retrieval solution (DAKOcytomation, Carpentaria, CA) for 5 min, again washed with PBS, incubated in 0.3% H 2 O 2 -methanol for 10 min, and then rinsed with distilled water. The slides were then incubated at room temperature for 1.5 h in a blocking solution consisting of normal horse serum, rinsed with PBS, and incubated with primary antibody at 4°C overnight. Rabbit polyclonal IgG against CD68 was obtained from Zymed/Invitrogen (Catalog no. 1076154; San Francisco, CA). The ''Elite ABC'' kit from Vector (Burlingame, CA) was used with biotinylated secondary antibodies and biotin-conjugated horseradish peroxidase, and developed with a 3,3 0 -diaminobenzidine solution per the manufacturer's instructions. The slides were subsequently counter-stained with Methyl Green (Dakocytomation, Carpentaria, CA).
Immunoassay for Cytokines and Serum Amyloid A To assess systemic inflammation, levels of SAA were determined by an ELISA kit from BioSource International. TNFa, IL-1b, IL-6, and IL-12/p40 levels in colonic explant culture supernatant and plasma were measured by ELISA kits purchased from R and D Systems (Minneapolis, MN).
Statistical Analysis
The data were expressed as the mean ± SEM and analyzed using repeated ANOVA followed by the post hoc analysis of variance. A P value less than 0.05 was considered to be significant.
Results
Administration of DSS in daily drinking water induced moderately severe colitis in WT mice. This was manifested by weight loss (Fig. 1) and reduced hematocrit value (WT 36.2 ± 3.8 vs. control 43.4 ± 0.7; P \ 0.05) ( Table 1) . Colon length was significantly decreased in WT mice due to inflammatory responses (WT 4.2 ± 0.3 cm vs. control 5.6 ± 0.1 cm; P \ 0.01). DSS-induced elevated acute protein, serum amyloid A (SAA) (WT 336 ± 60 lg/ml vs. control 20 ± 3; P \ 0.001, Fig. 2) , and a moderately severe colonic histopathological score (WT 2.6 ± 0.2 vs. 0 normal control). Amongst different groups of mice investigated in this study, SR-A/CD36 double deficient mice (SR-A/CD36
-/-) developed significantly more severe colitis as indicated with severe anemia (compared to WT P \ 0.01, Table 1 ) and decreased colonic length (WT 4.2 ± 0.3 cm, SR-A/CD36 -/-3.37 ± 0.15, control 5.6 ± 0.1; P \ 0.01). Similarly SR-A/CD36 double deficient mice showed significantly more elevated SAA level (P \ 0.01, Fig. 2 ) and colonic pathological lesions when compared with WT or single deficient animals (P \ 0.05, Figs. 3 and 4) . This illustrates an additive effect of both SR-A/CD36 in regulating SAA secretion and histopathology. However, the spleen was significantly enlarged in WT mice (compared to SR-A/CD36 -/-P \ 0.05, Table 1 ), and concentration of plasma proinflammatory cytokines, IL-6 (P \ 0.001), and TNFa (P \ 0.01) were mainly elevated in WT more than deficient animals (Figs. 5 and 6 ). In contrast, SR-A deficient mice maintained more normal body (Fig. 1) , colonic, and splenic weight and colonic length (Table 1 ) and developed less severe colonic lesions (Fig. 3 ) compared to other deficient or WT mice (compared to WT P \ 0.05 and SR-A/CD36
-/-P \ 0.01). CD36 deficiency correlated with significant increases of ex vivo secretion of IL-12 in supernatant from colonic explants when stimulated with exogenous LPS (CD36 -/-vs. WT or SR-A P \ 0.01, CD36
-/-vs. SR-A/CD36 -/-P \ 0.05), while it had a negative effect in levels of serum IL-12 (P \ 0.05) when compared with WT or SR-A -/-mice (Table 1 ). There was no significant difference between serum levels of IL-1b amongst groups. These data are summarized in Table 1 .
Discussion
Our data indicate that SR-A and CD36 (scavenger receptors) double deficiency lead to severe colonic lesions and dysregulated inflammatory response as compared with WT and single SR-A or CD36 deficiency in DSS-induced colitis, suggesting additive effects between these two receptors in this model. The multiligand and multifunctional pattern recognition scavenger receptors, SR-A and CD36, are expressed primarily by lamina propria macrophages and play an important role in the innate immunity and defense against pathogens [1] [2] [3] . Macrophage scavenger receptors are known to facilitate the uptake of modified LDL, and formation of foam cells leading to development of atherosclerosis. Studies indicate that LPS competes for SR-A binding sites, and MA from SR-A deficient mice show decreased LPS binding ability as compared with the cells from WT mice [17] . This suggests that SR-A recognizes LPS and contributes to the binding and uptake of LPS. Indeed LPS or lipoteichoic acid have been suggested to act as bacterial ligands for SR-A. Recent evidence indicates that some microbial pathogens (e.g., Streptococcus pyogenes) may avoid recognition by SR-A and phagocytosis using their surface M protein and polysaccharide capsule [18] . In addition, SR-A deficient mice have increased susceptibility to bacterial and viral agents [19] and DSS dextran sodium sulphate, NS not significant * P \ 0.05, ** P \ 0.01, *** P \ 0.001 Fig. 3 Colonic lesions score (0-4) is most severe in SR-A/CD36 double deficient dextran sodium sulphate (DSS)-treated mice Fig. 2 Concentration of serum amyloid A protein (SAA) is significantly more increased in SR-A/CD36 double deficient dextran sodium sulphate (DSS)-treated animals (ELISA, lg/ml) and illustrates additive effects between two receptors impaired bacterial clearance [20] . However, the mechanism by which SR-A provides protection against diverse pathogens is not clear and may vary according to microbial strains.
Furthermore, SR-A deficient mice were more susceptible to LPS-induced endotoxic shock after inoculation with live BCG. SR-A deficient mice produced more TNFa and IL-6 and showed an increased mortality in response to LPS that was blocked by administration of anti TNF-a antibody before LPS challenge [21] . In contrast, other studies showed that peritoneal MA from SR-A deficient mice were more resistant to LPS treatment, bind remarkably less LPS than those from WT animals, and secrete lower levels of IL-1b [22] . In another study, bacterial (C. parvum) hepatic granuloma formation was delayed and expression of certain proinflammatory cytokines down-regulated in SR-A deficient mice [23] . Taken together, these data suggest that SR-A is involved in regulating inflammatory cytokine secretion. This correlates with our findings that DSS induced more severe colitic pathology in SR-A and CD36 deficient mice; in contrast, they demonstrated a dysregulated proinflammatroy cytokines profile and secreted considerably less IL-6 and TNFa than WT mice. Similarly, recent studies suggest that agents (such as antioxidants, a tocopherol) that decrease expression of scavenger receptors (SR-A and CD36) partially inhibit proinflammatory cytokines (IL-6) and chemokine (IL-8) production, and macrophage foam cell formation [24, 25] . Also, TNFa release from activated macrophages is inhibited using anti-CD36 antibody, indicating that scavenger receptors may be involved in the induction of cytokine release from these cells [26] . The scavenger receptor CD36 is also important in the pathophysiology of colonic inflammation as suggested by the current results. CD36 was originally identified as a platelet membrane glycoprotein and a receptor for thrombospondin [27] . CD36 recognizes a variety of ligands including anionic phospholipids, oxidized LDL, apoptotic cells, collagen, and long-chain fatty acids [10] . It is possible that CD36 protects the colonic tissue against DSSinduced injury by its ability to clear apoptotic cells. This needs to be further investigated.
CD36 is required for the phagocytosis of apoptotic cells by human MA [28] . MA treated with anti-CD36 antibodies or those that harbor a mutated form of CD36 have been shown to block the uptake of apoptotic materials [29] . Furthermore, CD36 gene transfer confers the ability to ingest apoptotic cells by non-activated phagocytes [30] .
Our data indicate that SR-A and CD36 double deficiency can lead to more severe colonic damage and dysregulated inflammatory response as compared to WT, SR-A, or CD36 single deficiency, suggesting an additive effect between these two receptors. It is possible that these receptors function at alternative pathways to protect the host against inflammatory responses, indicating that the innate immune system has evolved overlapping mechanisms to combat pathogens as well as inflammation.
Conclusion
Our data indicate that scavenger receptors SR-A and CD36 together exert protective effects in the progression of colitis against dysregulated inflammatory response and colonic damage in this model. This protective effect appears to be additive and associated with the relative roles of these receptors in regulating signaling pathways in intestinal MA infiltration in lamina properia.
